Introduction
Cisplatin (cis-diamminedichloroplatinum(II)) is a well-known metal based drug for cancer; despite its wide application as a chemotherapeutic agent, cisplatin exhibits severe side effects, such as nausea, kidney and liver failure, typical of heavy metal toxicity. [1] [2] [3] [4] [5] Therefore attempts are constantly made to replace it with suitable alternatives; hence various transition metal complexes have been synthesized and tried for their anticancer properties. Metal complexes which efficiently bind and cleave DNA under physiological conditions are considered to have the potential to be used as therapeutic agents for medicinal applications and for genomic research. [6] [7] [8] [9] Depending on the exact nature of the metal and the ligand, the complexes can bind with nucleic acid covalently or non-covalently. 10, 11 Noncovalent interactions between transition-metal complexes and DNA can occur by intercalation, groove binding, or external electrostatic binding. Therefore, the study of the interaction of transition metal complexes with DNA is of great significance for the design of new drugs and their applications. Among the transition metals, the coordination chemistry of copper has attracted increasing interest because of the use of many copper complexes as models for biological functions, for example, amine oxidases, 12 catechol oxidase, 13 nitrite reductase, 14 superoxide dismutase, 15 and tyrosinase. 16 Copper complexes have been extensively utilized in metal ion mediated DNA cleavage through hydrogen ion abstraction by activated oxygen species. 17 In recent years, a large number of biocompatible Cu(II) complexes have been investigated for their anticancer properties.
ligands have kindled interest amongst many researchers, and continue to be the subject of many studies, especially as anticancer chemotherapeutic agents [27] [28] [29] (4) were synthesized and fully characterized. The interactions of these complexes with calf-thymus DNA (CT-DNA) utilizing UV-Vis absorption titration, competitive DNA binding fluorescence experiments, circular dichroism and thermal denaturation studies were performed. Their chemical as well as photo-induced cleavage activities with pUC19 supercoiled plasmid DNA were investigated. Furthermore, the cytotoxicity of the complexes against the HeLa cell line was surveyed by the MTT assay.
were prepared from distilled substituted aniline by a known method reported earlier. 48 The ligands 4-( p-X-phenyl)thiosemicarbazone of napthaldehyde {where X = Cl (HL 1 ) and X = Br (HL 2 )}, thiosemicarbazone of quinoline-2-carbaldehyde (HL  3 ) and 4-( p-fluorophenyl) thiosemicarbazone of salicylaldehyde (H 2 L 4 ) were prepared by reported methods. 47c, 49 MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium) and DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) were purchased from Sigma Aldrich (USA). Minimal essential medium (MEM) was purchased from Gibco, India. The supercoiled (SC) pUC19 DNA was purified from E. coli cells with the aid of a GeneJET Plasmid Isolation kit (Thermo Scientific, USA). Calf thymus (CT) DNA was purchased from SRL (India) (biochemistry grade). Elemental analyses were performed on a Vario ELcube CHNS elemental analyzer. IR spectra were recorded on a Perkin-Elmer Spectrum RXI spectrometer. 1 H, 13 C and 31 P NMR spectra were recorded with a Bruker Ultrashield 400 MHz spectrometer using SiMe 4 as an internal standard. Electronic spectra were recorded on a Perkin-Elmer Lambda25 spectrophotometer. Mass spectra were recorded on a SQ-300 MS instrument operating in ESI mode. Electrochemical data were collected using a PAR electrochemical analyzer and a PC- program. Hydrogens were either found or placed in calculated positions and isotropically refined using a riding model. The non-hydrogen atoms were refined anisotropically.
DNA binding experiments
Absorption spectral studies. The DNA binding experiments were performed using a Perkin-Elmer Lambda35 spectrophotometer as described previously.
47e Briefly, the absorption titration experiments were performed by varying the concentration of CT-DNA from 0 to 70 μM and keeping the metal complex concentration constant at 25 μM in 10 mM Tris-HCl buffer (pH 8.0) containing 1% DMF. The binding constant K b was computed from the data obtained using the following equation: . The fluorescence intensities of EB at 597 nm (excitation 510 nm) with an increase of the complex concentration (0−60 μM) were measured. In the presence of DNA, EB showed enhanced emission intensity due to intercalative binding with DNA. A competitive binding of metal complexes with CT-DNA leads to the decrease in the emission intensity due to emission quenching or the displacement of bound EB to CT-DNA by the complexes. The quenching constant was calculated using the following Stern-Volmer equation:
where F 0 and F are the emission intensities of EB bound CT-DNA in the absence and presence of the quencher (complexes) concentration [Q], respectively, which gave the SternVolmer quenching constant (K SV ). The apparent binding constant (K app ) was calculated from the following equation: Thermal melting studies. Thermal melting studies of CT-DNA (100 μM) in the absence and presence of complexes (50 μM) were carried out by monitoring the absorbance at 260 nm in the temperature range of 30-90°C with a ramp rate of 0.5°C min −1 in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF. The experiments were carried out using a Chirascan CD spectropolarimeter (Applied Photophysics, UK) in absorbance mode equipped with a temperature controller. The melting temperature (T m ) was determined from the derivative plot (dA 260 /dT vs. T ) of the melting profile.
47e Circular dichroism studies. The circular dichroism (CD) spectroscopic studies were performed using a Chirascan CD spectropolarimeter (Applied Photophysics, UK) at 25°C. CD spectra of CT-DNA (50 μM) in the absence and presence of complexes (10 μM) were obtained in the wavelength range of 240-400 nm in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF, using a quartz cell with 10 mm path length.
47e
DNA cleavage experiments DNA cleavage was carried out as previously reported.
47e The chemical-induced and photo-induced DNA cleavage experiments were done with 300 ng supercoiled (SC) pUC19 DNA in 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF. Chemical-induced DNA cleavage. In order to study the chemical nuclease activity of the complexes, reactions were performed in the dark using hydrogen peroxide (0.5 mM) as the oxidising agent in the absence and presence of complexes (1-300 µM). The solutions were incubated at 37°C for 1 h and analysed for DNA cleaved products by agarose gel electrophoresis.
Photo-induced DNA cleavage. The photo-induced DNA cleavage activity was performed as described previously.
47e Briefly, the photo-induced DNA cleavage experiments were carried out using a UVA source at 350 nm (Luzchem Photoreactor Model LZC-1, Ontario, Canada) fitted with 14 UVA tubes (84 W) for 1 h, on supercoiled (SC) pUC19 DNA (300 ng) with complexes (1-300 µM) in 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF. DNA cleavage was indicated by the decrease in the supercoiled pUC19 DNA (Form I) and subsequent formation of nicked circular DNA (Form II) and linear DNA (Form III). The percentage of net DNA cleavage was calculated using the following equation:
The subscripts "s" and "c" refers to the sample and the control respectively. 54 Appropriate DNA controls were taken to calculate the net DNA cleavage percent. The observed error in measuring the band intensities ranged between 3%-6%. For mechanistic investigations of both hydrolytic and photolytic DNA cleavage, experiments were carried out with singlet oxygen quenchers such as sodium azide (NaN 3 ) and L-histidine, while for hydroxyl radical scavengers, potassium iodide (KI) and D-mannitol were used. Each of the additives was used at a concentration of 0.5 mM.
Anticancer activity
Cell culture. Human cervical cells HeLa were obtained from the National Centre of Cell Science (NCCS), Pune, India and were maintained in minimal essential medium supplemented with 10% fetal bovine serum, penicillin-streptomycin solution and incubated at 37°C in a 5% CO 2 and 95% humidified incubator. The complexes were dissolved in DMSO at a concentration of 100 mM as the stock solution, and diluted in culture medium at concentrations of 12.5, 25.0, 50.0 and 100.0 μM as the working solution. To avoid DMSO toxicity, the concentration of DMSO was less than 0.1% (v/v) in all experiments.
Cytotoxic assay. HeLa cells were harvested from maintenance cultures in the logarithmic phase, after counting in a hemocytometer using a trypan blue solution. The cell concentration was adjusted to 5 × 10 4 cells ml −1 and the cells were plated in 96 well flat bottom culture plates and incubated for 72 h with various concentrations of the test compounds. The effect of the drugs on cancer cell viability was studied using an MTT dye reduction assay by measuring the optical density at 595 nm using a micro-plate reader spectrophotometer (PerkinElmer 2030). 55 Nuclear staining. Nuclear staining using the DAPI stain was performed according to the method previously described. 56 Briefly, HeLa cells either treated or untreated with test compounds were smeared on a clean glass slide, cells were fixed with 3.7% formaldehyde for 15 minutes, permeabilized with 0.1% Triton X-100 and stained with 1 μg ml −1 DAPI for 5 min at 37°C. The cells were then washed with PBS and examined by fluorescence microscopy (Olympus IX 71) to ascertain any condensation or fragmentation of the nuclei indicating cells undergoing apoptosis.
Results and discussion

Synthesis
Reaction of Cu(I)X (X = Cl, Br) with 4-( p-X-phenyl) thiosemicarbazone of napthaldehyde {X = Cl (HL 1 ); X = Br (HL 2 )} in the 
Structure
The observed elemental (C, H, N) analytical data of all the complexes (1-4) are in consistent with their composition. It appears from the formulation of 1 and 2 that the TSC is serving as a monodentate ligand, whereas in 3 and 4 it is serving as a tridentate ligand. In order to authenticate the coordination mode of the TSC in the complexes, the structures have been determined by X-ray crystallography. (2) are shown in Fig. 1 and 2 respectively; the relevant bond distances and angles are collected in Table 2 . Compounds 1 and 2 contain CH 3 CN and DMSO as a solvent of crystallization respectively. The coordination geometry around the Cu(I) atom in 1 and 2 reveals a distorted tetrahedral environment with an SXP 2 [X = Br (1) and Cl (2)] coordination sphere as the bond angles around the copper atom vary from ca. 100 to 124°in 1 and 2, with P-Cu-P being the largest angle. 49, 57 The ligand HL 1-2 acts as a monodentate ligand coordinating through the S atom. The other positions of the tetrahedron are occupied by one halogen atom and two triphenylphosphine ligands. In the compound, the Cu-S bond lengths are 2.401 (7) Cl) 2 (μ-Cl) 2 ]·2H 2 O is illustrated in Fig. 3 and selected bond parameters are collected in Table 3 . Compound 3 contains two Complex (1) Complex (2) Bond distance Cu(1)-S(1) 2.401 (7) 2.387(1) Cu(1)-P (1) 2.277(6) 2.274(1) Cu(1)-P (2) 2.290 (7) 2.295(1) 
1.975 (7) 1.932(1) Cu (1)-N(4) 2.107 (7) 2.013(1)
92.80(9) -plane. The bond lengths in the basal plane agree with those found in copper(II) complexes containing thiosemicarbazones which act as uninegative tridentate ligands. 58, 59 The bond lengths and bond angles reveal a distorted square pyramidal geometry around Cu(2).
Description of X-ray structure of [Cu(L 4 )(Py)] (4)
The atom numbering scheme for complex 4 is given in Fig. 4 with the relevant bond distances and angles collected in Table 3 . The structure shows that the thiosemicarbazone ligand (L (5)°respectively. The coligand pyridine is coordinated to the metal center and is trans to the nitrogen atom N(3). The rather large Cu(1)-N(4) distance of 2.013(1) Å revealed that the pyridine moiety is weakly coordinated to the Cu-center. 60 Copper is thus nested in a NOSN core, which is slightly distorted from an ideal square-planar geometry, as reflected in the bond parameters around the metal center. The Cu-N(3), Cu-O(1), Cu-N(4) (coligand) and Cu-S(1) distances are normal, as observed in other structurally characterized complexes of Cu containing these bonds.
60,61
Spectral characteristics
The IR spectra of 1 and 2 showed the presence of ν(N-H) bands in the ranges 3284-3285 cm and CvS (3 and 4)) appeared in the range 770-748 cm −1 (compared to free ligands, 854-785 cm −1 ). 47c The characteristic ν(P-C Ph ) bands at 1096-1090 cm −1 indicate the presence of Ph 3 P in 1 and 2.
The electronic spectra of all the complexes (Table 4) were recorded in methanol solutions. In the spectra of 1-4 three strong absorptions are observed in the wavelength range 448-220 nm. The lower energy absorptions at around 448-349 nm are ascribable to metal to ligand (1 and 2) and ligand to metal (3 and 4) charge transfer transitions whereas the higher energy absorptions are likely to be due to ligand centered transitions. 46,47c Weak absorptions in the range 676-668 nm are also observed for 3 and 4 (Cu(II) complexes), which are assigned to d-d transitions. 62 The NMR spectra ( 1 H, 13 C and 31 P) of 1 and 2 were recorded using DMSO-d 6 . The 1 H NMR spectrum exhibits three singlets in the range 12.47-9.09 ppm due to NH (-C(7)-N(1)H), NH (-C(7)-N(2)H) and CH (-N(3)vC (8) 63 31 P NMR spectra were recorded in order to confirm the presence of a triphenyl phosphine group. The two signals appeared at 46.85-44.72 ppm and indicated that the two triphenyl phosphine ligands were cis to each other in these complexes. 63 The detailed NMR data have been 
Electrochemical properties
The electrochemical properties of 1-4 were examined in CH 3 CN solution (0.1 M TEAP) by cyclic voltammetry using a platinum working electrode, a platinum auxiliary electrode and an Ag/AgCl reference electrode. The potential data are listed in Table 5 . Fig. 5-7 show the representative voltammograms of 1 {Cu(I)}, 3 {Cu(II)} and 4 {Cu(II)} respectively. The voltammograms of all four complexes include both oxidation and reduction processes. The voltammogram pattern is similar for 1 and 2, which includes a quasireversible ( single electron wave at E pc values within the potential window −0.70 to −0.72 V. 64 In the voltammogram of tetrameric Cu(II) complex (3), there are three quasireversible/reversible (Fig. 6) processes at E 
DNA binding studies
Absorption spectroscopic studies. DNA is often a vital target to mediate apoptosis or necrosis to a cell. Therefore the binding affinity of the complexes to CT-DNA was studied using different spectral methods. UV-Vis titration experiments were carried out to determine the binding constant (K b ) of the complexes to CT-DNA ( Fig. 8 and Table 6 ). Complexes 1-4 show absorption bands in the region 448-349 nm which are attributed to metal to ligand (1 and 2) and ligand to metal (3 and 4) charge transfer transitions whereas the absorption bands at higher energy are due to intra-ligand transitions. The binding of complexes to DNA either leads to hypochromism or hyperchromism, which provides a measure of the strength of the intercalative or groove binding respectively. 67 In order to quantify the binding affinity of the interaction between CT-DNA and each of 1-4, the binding constant (K b ) was calculated using eqn (1) . E 1/2 = (E pa + E pc )/2, where E pa and E pc are anodic and cathodic peak potentials vs. Ag/AgCl, respectively. ΔE P = E pa − E pc. affinity than their respective complexes, yielding K b values of the order of 10 3 M −1 (ESI † Fig. S8 and Table S1 ).
Competitive DNA binding fluorescence studies. Ethidium dibromide (EB) is a standard intercalating agent and exhibits fluorescence upon binding to DNA. The relative binding of complexes 1-4 to CT-DNA was also investigated by monitoring the quenching of the fluorescence emission from EB bound CT-DNA on successive addition of the complexes. EB is nonemissive in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF due to fluorescence quenching of free EB by solvent molecules, while in the presence of DNA, EB shows enhanced emission intensity due to intercalative binding. 68 On addition of the copper complexes to EB bound CT-DNA, the emission intensity at 597 nm was quenched by ∼14% and ∼13% for copper(I) complexes 1 and 2 respectively, whereas copper(II) complexes 3 and 4 exhibited a decrease of ∼82% and ∼10% respectively (Fig. 9) . The quenching of emission intensity of ethidium bromide upon addition of 1-4 showed that the complexes probably compete with EB for the binding with DNA. respectively (Table 6 ). The higher K SV and K app values of 3 than the other complexes may be attributed to its higher solubility in aqueous medium and the presence of the quinonoidal (Table 6 ). Control competitive DNA binding experiments with ligands showed that ligands have lower K SV and K app values than their corresponding complexes (ESI † Fig. S9 and Table S1 ). Thermal melting studies. In order to gain an insight into the nature of interactions and the conformational changes brought about by the complexes on interaction with CT-DNA, thermal denaturation experiments were performed. 69 The melting temperature of CT-DNA (T m ) in the absence of any complexes was ∼65.7°C (Fig. 10) . In the presence of the copper complexes the DNA melting temperature (T m ) showed a slight increase from ∼1.05°C to 1.83°C (Table 6 ). Among all the complexes, 3 showed the highest shift of the DNA melting 
69,70
Circular dichroism studies. Circular dichroism was used to investigate the conformational changes in CT-DNA due to the interaction with the complexes. CT-DNA shows two conserved bands in the UV region, a positive band at 275 nm due to base stacking interaction and a negative band at 245 nm due right handed helicity. 71 The interaction of 1, 2 and 4 showed marginal changes in the CD spectra of CT-DNA, whereas the interaction of 3 with CT-DNA induced a decrease in the intensity for the negative ellipticity at 245 nm and an increase in the positive ellipticity band at 275 nm (Fig. 11) . These results suggest that interaction of 1, 2 and 4 did not bring about any conformational changes in CT-DNA while 3 perturbed the stacking interaction as well as the right handed helicity of CT-DNA.
DNA cleavage studies
Chemical-induced DNA cleavage. To assess whether the DNA binding properties of the complexes are associated with the chemical nuclease activity, 300 ng of pUC19 DNA was incubated in the presence of hydrogen peroxide as an oxidising agent, with different concentrations of the complexes (1-300 μM) in 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF in the dark for 1 h. Upon gel electrophoresis, complexes 1, 2 and 4 showed slight DNA cleavage activity ranging from ∼2 to 10%, whereas complex 3 exhibited a maximum chemical nuclease activity of ∼60% at a complex concentration of 100 μM (Fig. 12 and 13 ). This enhanced chemical nuclease activity of 3 can be possibly rationalized on the basis of its higher binding affinity towards CT-DNA as observed from the DNA binding studies. Control experiments using the oxidizing agent hydrogen peroxide and the ligands showed that neither hydrogen peroxide nor the ligands were cleavage active under similar experimental conditions (ESI † Fig. S10 ). All the complexes, in the absence of the oxidising agent, were cleavage inactive under dark conditions.
In order to elucidate the probable mechanistic aspects of the chemical-induced DNA cleavage activity by these complexes various inhibitors were used. The chemical-induced DNA cleavage reactions may involve reactive oxygen species (ROS) such as singlet oxygen ( 1 O 2 ) and hydroxyl radicals (
Therefore, NaN 3 and L-histidine were used as singlet oxygen quenchers, while KI and D-mannitol were employed as hydroxyl radical quenchers. Complexes 1, 2 and 4 did not show any appreciable inhibition in the chemical-induced DNA cleavage activity in the presence of the various additives, which may be due to the diminished chemical nuclease activity of these complexes (ESI † Fig. S11 ). On the other hand, addition of singlet oxygen quenchers like NaN 3 and L-histidine inhibited the DNA cleavage activity of complex 3 by ∼6% and ∼22% respectively. Similarly, in the presence of the hydroxyl radical scavengers KI and D-mannitol, the chemical nuclease activity of complex 3 was reduced by ∼14% and ∼11% respectively (Fig. 14) . These results suggest that among all the copper complexes, 3 exhibits chemical-induced DNA cleavage activity probably via both singlet oxygen and hydroxyl radical pathways. Photo-induced DNA cleavage. To investigate if the chemical nuclease activity of the complexes was also associated with photonuclease activity, photo-induced DNA cleavage was carried out with 300 ng pUC19 DNA in the presence and absence of complexes 1-4 (Fig. 15) . The extent of DNA cleavage by the complexes was monitored in a concentration dependent manner as shown in Fig. 16 . All the complexes (except 4) showed ∼10% or more photo-induced DNA cleavage activity at a complex concentration of 10 μM, which ultimately was saturated at a complex concentration of 100 μM. Among the copper(I) complexes, 2 exhibited greater (∼55%) photo-induced DNA cleavage activity than 1 (∼40%). On the other hand, in copper(II) complexes, 3 showed a significantly higher photoinduced DNA cleavage activity of ∼80%, whereas 4 exhibited a minimal DNA cleavage activity of ∼18% (Fig. 16) . The higher DNA cleavage activity of 3 may be attributed to its higher binding affinity to DNA as shown in binding studies and may also be because of its solubility in aqueous medium and the presence of a quinonoidal group in the thiosemicarbazone ligand coordinated to the metal. Control experiments suggest that neither DMF (1%) nor the ligands showed any photoinduced DNA cleavage activity, which implies that the ligands or DMF alone are cleavage inactive under similar conditions (ESI † Fig. S12) .
To understand the mechanistic aspects of the photonuclease activity of these complexes, we used the same additives as those used in exploring the mechanism of chemical nuclease activity. The DNA cleavage reaction involving molecular oxygen can proceed by two mechanistic pathways, namely, by a type-II process involving singlet oxygen species ( 1 O 2 ) or by a photo-redox pathway involving reactive hydroxyl 
radicals (
• OH). 72 In the case of copper(I) complexes, the singlet oxygen quenchers, such as NaN 3 and L-histidine, showed a reduced photonuclease activity of complex 1 by ∼9% and ∼8% and of complex 2 by ∼4% and ∼12% respectively. Similarly the hydroxyl radical scavengers, KI and D-mannitol, exhibited a significant inhibition of photo-induced DNA cleavage activity of complex 1 by ∼26% and ∼13% and of complex 2 by ∼19% and ∼7% respectively ( Fig. 17 and ESI † Fig. S13 ), while in the case of copper(II) complexes, the presence of singlet oxygen quenchers, NaN 3 and L-histidine, decreased the photonuclease activity of complex 3 by ∼4% and ∼5% and complex 4 by ∼3% and ∼10% respectively. Similarly, KI and D-mannitol (hydroxyl radical quenchers) showed an inhibition of DNA cleavage activity by ∼12% and ∼28% for complex 3 and ∼5% and ∼3% for complex 4 ( Fig. 17 and ESI † Fig. S12 ). These results suggest that 1 and 2 exhibit photo-induced DNA cleavage activity possibly via both singlet oxygen and hydroxyl radical pathways while the mechanistic pathway for 3 and 4 cannot be stated with a degree of certainty. Of the two pathways, the hydroxyl radical dominates over the singlet oxygen pathway as the hydroxyl radical scavengers showed higher inhibitory effect than the singlet oxygen quenchers.
Anticancer activity
Inhibition of cancer cell viability. In the present study, the antiproliferative efficacy of 1-4 was assayed by determining the viability of HeLa cells using the MTT assay. 50 values of 98 μM, whereas corresponding complexes 1-4 gave values in the range 20-36 μM. The significant decrease in inhibitory activity for the ligand compared to the metal complex clearly indicates that incorporation of copper into the ligand environment has a marked effect on cytotoxicity. A possible explanation is that by coordination the polarity of the ligand and of the central metal ion are reduced through the charge equilibration, which favors permeation of the complexes through the lipid layer of the cell membrane. 73 The present results are consistent with the observation that metal complexes can exhibit greater biological activities than the free ligand. 36 Comparing the activity of four complexes, the cytotoxic activity follows the order 3 > 2 > 1 > 4, which is reflected by the IC 50 values with the dose dependence illustrated in Table 7 and Fig. 18 . It is remarkable that 3, having a quinonoidal group in the thiosemicarbazone ligand coordinated to the metal, is most active. This is in correlation with the fact that the derivatives of quinoline are found to show good biological activities such as antioxidation, antiproliferation, and antiinflammation. 74, 75 A possible single shot drug for cancer cure has been elusive so far, due to their multiple occurrences in more than a hundred forms, and several cases of recurrence of cancer post chemotherapy and surgery are well known. Interestingly, equating the efficacy of our synthesized novel copper compounds against the presently available common chemodrugs sold to patients, we found that Cisplatin, Gefitinib, Gemcitabine, 5-Florouracil, and Vinorelbine had an IC 50 of 13 μM, 20 μM, 35 μM, 40 μM and 48 μM respectively on HeLa cells under conditions similar to our experiment. 76 These findings give a positive revelation about the potential of our copper compounds as future neoplastic precursor drug candidates. Nuclear staining assay. To investigate the apoptotic potential of test compounds in HeLa cells, DAPI staining was performed. Chromatin condensation during the process of apoptosis (type I programmed cell death) is a characterizing marker of nuclear alteration. HeLa cells were treated with 30 μM, 25 μM, 15 μM and 30 μM of 1, 2, 3 and 4 respectively. All the doses were given below the calculated IC 50 and the cells were incubated for 24 h before the DAPI nuclear staining assay. Control cells hardly showed any sort of condensation in comparison to the test compound's activity (as shown in Fig. 19 ) when the cells were examined under a fluorescent microscope, with a DAPI filter. All images clearly demonstrate the brightly condensed chromatin bodies and the nuclear blebbings, marked by arrows in the figure. The drug treated groups, besides showing nuclear changes, also revealed a shrinking morphology, which is another important hallmark of apoptosis.
Conclusion
The following are the salient observations and findings of this work:
(a) Two Cu(I) complexes (d) The results from the mechanistic study suggested that the chemical nuclease activity of complex 3 and the photonuclease activity of complexes 1-2 proceed probably by both singlet oxygen and hydroxyl radical pathways.
(e) In addition, the in vitro antiproliferative activity of complexes 1-4 against the HeLa cell line was assayed. The cytotoxicity of the complexes is affected by various functional groups attached to the thiosemicarbazone derivative whereby 3 was particularly potent against the cells tested.
(f ) The results on pharmacological activity of the copper complexes reported in this paper reveal that compound 3 shows the highest activity, which may be due to its solubility in aqueous medium and the presence of a quinonoidal group in the thiosemicarbazone ligand coordinated to the metal.
(g) The results obtained from the present copper complexes are of importance for the development of metal-based agents for anti-cancer applications. Further work is in progress to better identify the mechanism of action and to prepare more potent related compounds for the treatment of cancer. 
